Unilateral sleep in marine mammals has been considered to be a defense against airway obstruction, as a sentinel for pod maintenance, and as a thermoregulatory mechanism. Birds also show asymmetric sleep, probably to avoid predation. The variable function of asymmetric sleep suggests a general capability for independence between brain hemispheres. Patients with obstructive sleep apnea share similar problems with diving mammals, but their eventual sleep asymmetry has received little attention. The present report shows that human sleep apnea patients also present temporary interhemispheric variations in dominance during sleep, with significant differences when comparing periods of open and closed airways. The magnitude of squared coherence, an index of interhemispheric EEG interdependence in phase and amplitude, rises in the delta EEG range during apneic episodes, while the phase lag index, a measure of linear and nonlinear interhemispheric phase synchrony, drops to zero. The L index, which measures generalized nonlinear EEG interhemispheric synchronization, increases during apneic events. Thus, the three indexes show significant and congruent changes in interhemispheric symmetry depending on the state of the airways. In conclusion, when confronted with a respiratory challenge, sleeping humans undergo small, but significant, breathing-related oscillations in interhemispheric dominance, similar to those observed in marine mammals. The evidence points to a relationship between cetacean unihemispheric sleep and their respiratory challenges. brain asymmetry; asymmetric sleep; sleep apnea THE CONSTRAINTS OF AQUATIC life in air-breathing animals imposed the development of high asphyxia tolerance, increased body oxygen stores, and impressive metabolic mechanisms for oxygen and energy saving (5). These traits allow them to undertake repeated apneic dives of long duration.
THE CONSTRAINTS OF AQUATIC life in air-breathing animals imposed the development of high asphyxia tolerance, increased body oxygen stores, and impressive metabolic mechanisms for oxygen and energy saving (5) . These traits allow them to undertake repeated apneic dives of long duration.
In addition, cetaceans developed two unique sleep traits: they show little or no rapid eye movement (REM) (22) and have unihemispheric slow-wave sleep (SWS), sleeping with one brain hemisphere and waking with the other. After a while, the two hemispheres switch roles (16) . Other marine mammals (Otaridae) show the same traits but only during afloat sleep and show symmetric SWS and normal REM when sleeping ashore (14, 15) . The phenotypic unusual features of the marine mammal sleep have been always considered adaptive and related to aquatic environmental constraints, namely respiratory, predator avoidance, and thermoregulatory constraints.
Regarding respiratory constraints (21, 22) , cetaceans show early respiratory paralysis under shallow anesthesia, unlike terrestrial mammals, whose respiration only ceases after high anesthetic doses (20, 28) . This led us to think that consciousness is necessary to maintain respiration in cetaceans and, consequently, full unconsciousness, as occurring in sleeping terrestrial mammals, would interfere with breathing. Hence, the normal bihemispheric sleep would be unadaptative in them and the development of unilateral sleep should have been favored to keep continuous vigilance without missing the (unknown) advantages of sleep. However, it has been argued that breath holding, as observed in pinnipedia, is a simpler solution to the problem of sleeping in the water (16) .
Birds also show a reduced form of unihemispheric sleep, the asymmetric sleep, in which the slow-wave EEG power differs and oscillates between the two hemispheres (25) . The avian asymmetric sleep could have been developed as a result of embryonic asymmetries (early asymmetric light stimulation), but also has been explained as an adaptation to predatory danger too, that is, to maintain a limited form of constant vigilance (25) . Birds placed in the border of the flock show a higher proportion of asymmetric sleep and unilateral eye closure, with the open eye directed to the external border of the flock. Cetaceans also have unilateral sleep but, unlike birds, the open eye is directed toward the group. (16) . Therefore, the asymmetry perhaps serves more to maintain the cohesion of the pod than to detect predation. Thus, marine mammals and birds could have developed similar sleep traits for different purposes. Furthermore, the eventual convergence between cetaceans and birds raises the question of why the asymmetric sleep has not been observed in grazing mammals, which also suffer a high predatory risk (16) .
The particular features of the cetacean sleep have also been attributed to the high specific heat of the water, which imposes an important physiological challenge to homeothermic animals (16, 18) . However, strong criticisms were raised against this hypothesis (19) .
In summary, there is no widely accepted explanation for the peculiar traits of sleep in marine mammals. However, a surprising physiological parallelism between animal diving apneas and human sleep apneas has been observed (27) . In short, both show a reduced sensitivity to blood CO 2 and similar metabolic, cardiovascular, and hemodynamic changes. It is likely that a high number of behavioral, cardiovascular, and metabolic reflexes to survive asphyxia, parturition, diving, etc., were the result of preadaptations present in all vertebrates (2), reaching sometimes the extraordinary performances observed in diving animals.
Taking into account these facts, it seems likely that additional resemblances should exist between marine mammals and apneic human patients. Pursuing this lead, the present report aims at testing the presence of significant asymmetries in the sleeping EEG of human apnea patients.
MATERIALS AND METHODS
Participants. Potential participants were routinely admitted for a polysomnographic studies at the sleep laboratory of the Universitat de les Illes Balears to check for apnea and other sleep conditions. The present study was performed on data obtained from 12 right-handed males aged between 40 and 55 yr, with a clear diagnostic of obstructive sleep apnea (apnea-hypopnea index Ͼ30) (30) and absence of other clinical symptoms.
Polysomnographic recordings. Every participant received two monopolar EEG channels, chin electromyogram (EMG), electrooculogram, thoracic, and abdominal belt extension transducers for respiratory movements, as well as nasal and oral thermistors for air flux recording.
Recordings were digitized at 200 samples/s and between 20 and 70 paired segments of C3 and C4 EEG recordings, 15-25-s length, were taken from each patient, resulting in 3,000 -5,000 data points for each EEG segment. The EEG segments were selected according to sleep stage (unambiguous SWS 3-4 stage), absence of artefacts, and respiratory state (ϳ50% from recordings obtained during normal breathing and ϳ50% from obstructed airways with zero flux, carefully avoiding recordings with arousals and state changes). Arousals were identified when the recordings showed any of the following signs: 1) presence of a movement artefact in the EEG, 2) increased EMG amplitude, 3) breathing efforts, and 4) restoration of air flux. Obviously, every apneic event should end with a flux recovery. Therefore, the zero flux segments used for the analysis ended 3 s before either the restoration of air flux or the presence of other eventual arousal signs.
Previous to admission to the sleep laboratory, every participant had to sign an informed consent. The procedure was authorized by the Ethics Committee of the Balearic Islands Community.
General analysis. Every digitized EEG was analyzed to obtain the magnitude of squared coherence (MSC), the phase lag index (PLI), and the nonlinear synchronization index L to recognize the interrelationships between the two brain hemispheres during free respiratory flux and apnea. The results obtained in each patient were averaged, and the differences between flux and no flux were submitted to variance analysis for repeated measures followed by Bonferroni post hoc tests. Previously to the variance analysis, the nonlinear synchronization indexes L were normalized using the hyperbolic arctangent transformation. The 95% confidence intervals have been used for graphic data presentation.
Analytical procedure. The MSC is the modulus of the coherence function measuring the linear correlation-in amplitude and phasebetween two signals, in this case, the two C3 and C4 EEG signals in the frequency domain.
The (complex) coherence between two signals X and Y is defined as
where Pxy(f) is the cross spectrum between both signals, Pxx(f) and Pyy(f) are the respective auto-spectra, and f is the discrete frequency, where the coherence is calculated. The magnitude of squared coherence (MSC) is
The MSC was calculated for the four frequency bands (delta, theta, alpha, and beta) as the mean value of the MSC coefficients within each band. The MSC was estimated using the Welch's averaged periodogram method (38) , considering segments of 512 data tapered with a Hanning window and overlapped with a degree of 25%. The average was extended to all segments extracted from the 3,000 -5,000 data points EEG.
The PLI is sensitive to linear and nonlinear phase differences between two EEG signals and was calculated for each EEG frequency band (delta, theta, alpha, and beta). The PLI is a measure of the asymmetry of the distribution of phase differences between two signals, X and Y. Signals were first filtered in each band using a zero-phase forward and reverse digital filtering. From the filtered signals, the analytic signals were obtained:
where x H,f (t) is the Hilbert transform of xf (t).
The phases of the analytic signals were then extracted:
The xf(t) was calculated using the same procedure. The relative phase between X and Y was calculated as
which is wrapped out to the interval (-, )
The PLI is then defined as
PLI ϭ mean͕sign͓(t)͔͖
i.e., the average of the sign of the phases (ϩ1 for positive values, Ϫ1 for negative ones). The PLI measures the degree of the asymmetry of (t) around zero. Using the definition above, which is somewhat different to the original formulation (32, 34), we find that the index varies between Ϫ1 and ϩ1. PLI values close to zero indicate either absence of coupling between the two signals or coupling with a phase difference close to zero. Two signals with a PLI different from zero have an effective phase locking (32, 34) . We obtained the PLI value for each EEG frequency band. The index L measures the nonlinear synchronization between two signals in their reconstructed state space using the concept of generalized synchronization.
To calculate the degree of interdependence between two signals X and Y in their reconstructed state space, the ith (i ϭ 1, . . . n) reconstructed state vector was first obtained as
where ⌬ and m are the delay time and the embedding dimension, respectively (13). Next, we followed the procedure described by Chicharro and Andrzejak (9) to calculate a so-called L rank-based statistics: let a i,j and bi,j (j ϭ 1, . . . k) indicate the time indices of the k spatially nearest neighbors of x ជ i and y ជ i , respectively; for each x i and let g i,j indicate the rank that the distance between x ជ i and y ជ i takes in a sorted ascending list of distances between x ជ i and all
where N ϭ n Ϫ (m Ϫ 1) ⌬, and Surrogate data test. The reliability of the interdependence indexes between two signals was verified by repeating their calculation after subrogating one of the signals to eliminate any possible interdependence between them. Surrogate data were obtained 1) by shuffling one of the original time series (in the case of the MSC) or their corresponding phases (in the case of the PLI), while leaving the other one unchanged (24) or 2) by mean of the iterated amplitude-adjusted Fourier transform, which removes any nonlinear structure of the signal without altering its linear correlation (in the case of the index L) (31) .
Once the surrogates were obtained, the value of the corresponding index between the original X and s surrogate versions of Y was calculated, thereby estimating numerically the distribution of the index under the null hypothesis of independence. Finally, the value of the index was considered significant (at the 100·(1-␣) % level of statistical significance) if and only if it is higher than all of the s ϭ (1/␣) Ϫ 1 values of the indexes obtained. Here, ␣ is the probability of type I error, i.e., rejecting the null hypothesis of independence when it is in fact true, which is controlled by the value of s. Thus, we used ensembles of s ϭ 19 surrogates for ␣ ϭ 0.05, which in time produces a test of 95% of significance level. The lack of significance in the interdependence between X and Y, as assessed by this surrogate data test, is taken into account by setting the corresponding index (MSC, PLI, or L) between X and Y equal to zero in the calculations.
All interdependence calculations were performed using customwritten software in MATLAB (The MathWorks, 2009) code. Figure 1A is an example of a segment obtained from a free flux condition showing the C3-C4 SWS EEG accompanied by the corresponding recording of nasal-oral air flux. Figure 1B is an example taken from the same subject during an apneic period.
RESULTS
A significant increase in MSC (P ϭ 0.002, Fig. 1 ) was observed in the delta range during apneic episodes when compared with flux, while the differences were not significant in the alpha and beta ranges. A significant difference also was observed in the theta band (P ϭ 0.014).
During flux, the PLI corresponding to the delta band was positive and different from zero, meaning that the left hemisphere (C3) was dominant (Fig. 2) . On the contrary, during apneic pauses, the PLI was zero, meaning that the differences in phase lag disappeared after breathing interruption. A significant difference was found in the beta band (P ϭ 0.012) during apneic pauses, with right side (C4) dominance, i.e., opposite to delta. Regarding the theta and alpha bands, the changes in respiratory state caused no significant interhemispheric differences in PLI.
Highly significant differences (P ϭ 0.000) were observed in the nonlinear index L when comparing flux and apnea, with increased asymmetry when the airways were permeable (Fig. 3) . In addition, the index L was lower for C3 C4 than for C4 C3 (P ϭ 0.009), meaning that the left hemisphere was dominant. No difference at all was found between hemispheres during apneic events.
DISCUSSION
The selecting process of the segments to carry out the analysis had to reconcile two opposite needs. Obviously, it seemed convenient to restrict the study to patients suffering a high apnea-hypopnea index. However, these patients unavoidably showed a highly unstable sleep with few free flux periods of sufficient duration. Likewise, the number of apneic events with sufficient duration was also low, as they were often interrupted by partial arousals and movement artefacts. These shortcomings explain the rather low number of segments finally fulfilling the requirements of the study (20 -70 per patient).
Another implicit problem in the observation of EEG asymmetries, lies in the probable overlapping fields between C3 and C4 macroelectrodes. Notwithstanding, it should be noted that in spite of the presumable interelectrode contamination and the low number of EEG samples taken from each participant, the changes in bilateral symmetry reached high statistical significance.
The most important result lies in the consistent and significant variations in symmetry observed in the delta band, the dominant one during non-rapid eye movement (NREM). On the contrary, taking into account the low significance of the theta and beta bands during NREM (35) and considering that their results were inconsistent (theta variations were significant in MSC but not in PLI, while the behavior of beta waves was symmetric, with significant differences in PLI, but not in MSC), the variations observed could be deemed as having low interest. Therefore, it should be concluded that significant EEG asymmetries appeared and that the functional connectivity between C3 and C4 was reduced during breathing NREM, thereby suggesting increased interhemispheric independence, particularly important in the delta band. On the contrary, the asymmetries vanished when the respiration was stopped. In addition, the typical left dominance in right-handed individuals was clearly observable only when the airways were open.
Up to now, most studies investigating EEG asymmetries during human sleep aimed at identifying differences between NREM and REM (8) . Although the results were often inconsistent, it is generally accepted that the right hemisphere plays a dominant role in the dreaming process (3, 4, 10, 29) .
However, most studies performed up to now only analyzed power variations in the different EEG bands. Regarding other methods, the MSC and the EEG correlations have been compared as indicators of the functional connectivity between different brain regions. Although the two methods show important theoretical differences, a high degree of comparability between the two measures was observed (12) . Likewise, the coincidence of the results obtained using linear (MSC) and nonlinear (PLI and L) indexes observed in the present report stress the interest of new methods to study the functional variations in brain activity. In the same line, Pereda et al. (23) , using nonlinear methods to evaluate EEG asymmetries, observed that the right hemisphere was more complex, but more predictable than the left one during eye closed, wake, sleep stages 1 and 2, and REM, when compared with SWS.
To our knowledge, only two studies investigating breathingrelated EEG asymmetries have been published. Swarnkar and Abeyratne (36) reported that the interhemispheric asymmetry was maximal during apneic arousals and during REM, with minimal asymmetry during NREM. Recently, the same group (1) proposed an interhemispheric symmetry index based on interhemispheric EEG coherence, which reliably distinguished between normal and apneic patients with symmetry decreasing linearly with the severity of the respiratory disturbances. These results are quite compatible with the present ones, in which the asymmetry was always higher during (normal) NREM breathing sleep.
In animals, the most impressive functional fluctuations in symmetry during sleep have been observed in marine mammals, in which the unilateral slow-wave sleep has been attributed to the need to maintain the cohesion of the pod, to avoid predation, and to cope with the thermal challenges imposed by the aquatic environment, as well as respiratory constraints (16) . As was observed in the introduction, sleeping human apneic patients and marine mammals subjected to continuous apneic intervals, show strikingly similar physiological responses (27) . The present study also shows that small, but similar, asymmetric fluctuations exist during sleep. Indeed, apneic humans only showed discrete changes in the continuous dominance of the left hemisphere and a complete interhemispheric switching was never observed. However, to assess this result, it should be taken into account that humans show strong behavioral and electrophysiological dominance. However, no EEG interhemispheric dominance has been observed in either fur seals (15, 16) or in cetaceans (17) . Moreover, dolphins switch their rotational behavior depending on their geographical location (33) . These data point to the absence of interhemispheric EEG and behavioral dominance in marine mammals. Therefore, an ideal experiment to compare the EEG asymmetries of the two groups would consist in studying the sleep of ambidextrous apneic humans. For obvious reasons, the present experiments had to be restricted to right-handed subjects. It is safe to assume, however, that a sample of left-handed subjects, with right hemisphere dominance, would show quite similarly changing interhemispheric opposite relations. It is likely that ambidextrous subjects would respond with effective interhemispheric switching. With these assumptions, it can be concluded that, through the evident physiological adaptations to breathing cessation, humans and marine mammals show strikingly similar EEG responses to the respiratory challenges faced by them.
Nevertheless, asymmetric sleep also has been found in rats as a response to internal and mild environmental stress (6, 11) and sleep deprivation (37) . Likewise, the fluctuations recorded in the present article could also be a functional response to cope with stressful factors. The sleep apnea patients develop an important number of cardiovascular and respiratory imbalances along with severe sleep disruptions, the effects of which cause deep impairments in attention and behavioral performance (26) . Therefore, the increased asymmetry could be similar to the one observed after sleep deprivation in rats (36) and humans (7) . However, it is difficult to assess whether the observed fluctuations in symmetry are the response of some physiological adaptive mechanism or they are merely a symptom of brain stress without regulatory meaning. The present results do not allow us to conclude which of the two possibilities is correct. However, the analysis of symmetry fluctuations in clinical conditions could be an interesting addition to the tool box for brain functional analysis.
Perspectives and Significance
The present study shows the power of new analytical tools for the study of the EEG and point to the analysis of EEG asymmetries as a tool for the functional evaluation of the brain stress level. It also suggests a widespread capability for variable interhemispheric asymmetry in mammals. Finally, taking into account the striking correlation between the physiological responses to breathing suspension recorded in marine mammals and in apneic humans, together with the fluctuations in asymmetry observed in the present study, a respiratory function for the asymmetric sleep of marine mammals may receive support. (Fig. 4) 
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